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AIIS’J”NAC’1’

[J]tr8sct]si[ivc  mcc]cvmiwtcm arc neeckd  by NASA fo~ [}IC ]mxi<urc~mmt  of o) bjta] clrag. We. have clc.sifymc]
an acxzlcrm IIINM cxqmhk of rJICMUTiT@  1()-g g. IT) this paper,  a Illcthod for fablica[ing  a bulk niicrcrn)achirmd
WXelet”OllKtCl  whit}] incm~rorate.s  a turrnelin~  tip is p]escrlted.  I’@ mrx.t serlsitivity specifications, a weak
sprinp, anti ]alp#, maw arc rme.de.d.  }]owc%wr,  these re.present a dt]ic.atc.  rllcc]lallislll  arlct a III@ICKt of pIOWdiCMi
is pmvickxf by df?ctlo~[atkfil]y  c~ampir]~  the. proof rIIass jll 2 flxcd posilloli. l-he effectiveness of the
ckc.trostatic  clamp hrrs been measured. It is found that c]arnpinj:  a~airud at) a.r c-clcraticm  of 200 E is possihlc
kith  voltaf,cs  as low a~ 30 volts.
.-

1. lN’J’RODIJC’l”~(lN

I]igbly sensitive acwkronmtcrs  (10”8 @ arc rcqrircd fcrI the ]Iutwrcmmt of Olbilal  drw, NIC1 fot sCi~Il~i~
mcrrsurcm  mts on other planets. Silicon II)icron)ac.}lir]ecl  dc.vices  arc at[ractivc  hcc.ausc  they are light wci~ht
and Considerably slIIallcI  than c.onvcmticmal  ac.celc-IoIIIetu]s.

T h e  nlitlinmm Cktc’c(ab]c’  Wce]c!ration  is proporlionrd to its S)II ing coJIs(aIIt tillws its ulininmm  position
dddmi capability divided by the proof mm. Therefore vmk splin~s,  la~{;e proof maws.  and a hichb(

srxsitivc pc)siticrn  ckte.ctor  arc needed  for hich sensitivity Rccclr.rc)rllc.tc.rs. ‘1’uflnclint  tips can be usecl m

j]c}siticnl  scnscrrs with poteiitial]y  two orders of rna~llitudc  gIcxt!cJ  sensitivity t]}ii!i calxic.itivc  SCIISOIS. “J”hc
t?stimattxl N?nsitivity  treed on mcastrrmcnts  of swlming  lurmdirl~, II Iicl oscupcs  (S1’fvls) i s  10’3 A.
“1’unnc]in~  ti])s }Iavc m additional advmita~c over c-apac-ilivr sc.IIsclIs [K4X1USC.  tk.y  $ITC k+~ WIlsitive. t?

parasjtk capacitance. A tunncdirrp;  tip provides a cuIIrnt crutput that k strongly ckpenclent 011 its proxkil[y to
a countcx cktrodc.  ‘1’hc rr]casurtmcmt mn k mrck by applying a small 1X: hjas vcAa~c (] 00 II IV) to the. ti~;
~nd monitc)rin~  the. cur-rent.

‘J’unrkling tips require pre.cisc  registration  ad are dclicatc Inc[ hanica] strm-tlllc< which CC,UICJ  be. dal~):i~~d
during, hnncl]in~, shippinp,  ancl lift-off into car-th orbit. l%rly work cm Iulmcli]l:, scnsorx has M.n pCJ_fOIJllCd
ky Kaiser, ct al’. q-hey hrrvc clcmonstmtcd tk capabilities of a turlrlcli]l~ tip scmsor fm usc in pc)sitioii
‘n~e.asurtvncm[s,  Analysis of noise, hrrs bcxm prcxmtcxl). Ilrllrldillp,  til)s have lwcrl apl)lic.d  to accclcxcrlllclcrs
rrncl bolorlwte.I  S3. ‘J’hc issue or [unnc.lins  tip protection was apjmached by usi]q: a two cantilever systcn{.
This architecture dcrrx pruvidc  the rcquiwd protcc.tioJl  but rcquif M additional clclnents  to im]kmmrt  and tl]c

. . . . . .
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rvsonarrcc  and positioning of two separate cantilevers n lust be conside!cd.  In this paper, we discuss a simple
“$olut  ion to this problem which involves the usc of elccb ostatic  c lampi n~ to secure the nmvin~  parts.

2. DF.91GN.,

~c)r hi~hcr Sensitivity, a large. proof maw is rcquirecl. l-his sug ,cst< t}w usc of bulk micromachinin~  to
[fabriCate tic chxiccs.  To rrmct the scfrsitivity specification of 10 ~, ~]JC I aticr of the sprin~ Nmslanl  10 [hc

‘?
roof  mass  of the, ac.c.c.lcromctcr  nmded is 1 tj- S3NJC:rjWJti/Au

‘ /sw2. The proof rmuw in our aecclcromcter  is 10 Wtr(i  Bond
Ac, #J. PO?? /

Jrml
,With

TIM

cm a side
a  tottdl rrl

e. fore, the

and approximately .8 mm
ass of approximamly  2x1 O

required spring  constant

. -—
thick

/
Tunfdlr~

/ /

sawcrm<
d . . Bord Mofol np WWF
kg.
is 2.

.nN/n~. To achieve such a low spring constant,
eigh[ 10 mm long springs, 100 pm wide and 25

:~lm t h i c k  are used,

“ln Figure  1, a cross-section of the accelcrcmmer
“;is shown. It consists of four bulk micromachined
,dice$. IWO dim form a proof mass and sprin~

. “ ~ $ystmn. “l’he proof mass is one square ccntimctex
.’.

. ,m area. A third die contains a tmmcling  tip and
: four quadrature electrostatic field plates. ‘1’hc tip

. . ,IS anisotmpically  etched  i n  s i l i c o n  a n d  i s
,, $tisiglmxl to h flush with the sulfacc  of the

.;w;afer. ~’he j’our[h dic contairis  a single (4cctrodc
. . . . . ‘v’hich is used both for controlling the position of

~ ‘:l!)e prcwf mass and for electrostatically clarnpin~
the proof mass away from the. tip.

. Among, the considerations in the, design of a
“ Spring system are its cross-axis sensitivity and
spurious resonance mocks. The  unique desi~n

shown in figure  2 was conce.ivcd  to provide a low
spring constant in ti~c me.frsure.mcmt clireclicm  and

“a hi~h spring  constant for transve.rw and lateral
modes. I;our it~dividual  folded springs mu
combined together to support the proof IIILSS  tit

:, four central points. Each spring is folded into
.,:- .tiJIce. Sc<ctions. Two sections are 5 mnl in length.

: and mm section is 10 mm. Moving  around tic
‘.paiphery  of the proof mass, it will be obses ved

jlhat the short scctiolis  of two consecutive. folded
., ‘~pJ-ings  ate connected at a conw fig. I“hcrefore

-}thcre arc two imcr corner  tics diagonally across.,.
‘ frcmr - cmc.h other and near the proof mass..,,,, .1..:”. ,.; ..,,., .,,,.

S,NJCr/W3i
Figure 1. Grcws-seetion  of an assembled accdrwxneter.
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Figur~* 2. To~} view 01 proof mass die showing folded spring ~. ‘- . .
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Similarly, the outer short sections are also tied together. These :we located diagcmally  across from each other
!kuid  occupied the corners of the dcviccs  lcfl vacant by the inner comer firs. 7’M short sections of (he springs
will only defkt approximately 1/8 as much w the lon~cr sections and therefore only fractionally contribute
to the spring constant. Their tin purpose is to stiffer] the device agajnst  rotation and cross axis response,
,howevcr,  they will also stiffen the desired mode. somewhat. A scale model of the spring system bass been
constructed and used to demonstrate jts performance charactel  kits. ‘j’h~ fo]lowing  table summarizes the

“results of calctrlatcd modes for the. sprin~-mass system.

‘A se~ond f e a t u r e  w o r t h  notin~  is that the proof ‘“-” “ ‘ “ Tntk’ 1
&ass is ctcsigned  to be in contact with ~hc tip Mode and it Wxnmnt  lhwquency

. .

%vhcn  in its neutral position. This provides two
important bent.fits. First, it is observed that - -

——. ——..
M ode Resonant )h-equency  “

‘moving the proof maw out of plane and
applying  a cr&s-axis acceleration will cause Axial 10HZ
lhc proof mass to cxperie.nce.  a rotation and a Roll  E’itch 450112 :
translation along its sensitive axis. In other L4tcral 3300  }Iz
~worcls,  an out of plane proof mm has a fyeatcr Yaw ;800  H?. ..:
Cross-axis sensitivity. I’he second benefit is

?clatcct  to thermal expansion. In the schcrne ,.
Showl with all c.wnponcnts  fabricate.d in
~ilicon,  the thermal sensitivity of the device is

. . . . . . . . —.. -.—

.$irecdy proportion to the gap between the. ploof mass and the tip. Setting the gap to zero elir~~inates W
hgest source of thermal sensitivity. in practice, curvature in the bonded  dice contribute to a variance in the
gtip. We anticipate about a 200 nnI variance based on wafer surfaw nmasurtwwnts.

. . ,
.’ ,,. 3. lhbriadicm

,,
“kigure  1 shows a cross-section of the assembled device. ‘l’he whold Immf m a s s  i s  conmoscd  of tw6”,.-,.

.’.

cutcctically  bonded d ice .  The  d ice  arc identical;
Oxidized wafers are double sided aligned w defInc
aligniilent  mark orI b o t h  s i d e s  o f  t h e  wafer;
Silicon nitride is deposited and patterned to define
t h e  deep b a c k s i d e  KOII etch. Come:
corqxmsation  i s  employed,  The back side CtCh  “.
continues until the rcmainin~ diaphragm is ~
rnicrcms thick. Thts js a timed etch and no dopant
stop is used thereby minimizing stress in th:
sprin{’,s. The wafer’ is stripped back to silicon and
recoated  with silicon nitride. TiW/Au  is deposited
on the front side and patterned appropriately. T@’.
wafers arc rcpattelned  to the spring mask and
subjcc ted to a deep plmma etch which releases”
both the springs and the dice..  Individual die art! ‘

. . . . . . . . . . . . . . . . .
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“ ‘The tip wafers undergo a similar initial proem.s.
:A deep cut is used for die separation purposes.

P)

~ The tip is created by a sequence of dry and .;
auisotropic  wet etch steps which result in a flat ,,, .

:fopped tip in a well (see Figure  3). The tip height ~~ ‘ y~“t* ,~i

: is equal to the depth of the well. Grooves are also
~rovided  for a eutectic  bond ring. These are -
jheeded to obtain a surface referenced bond. A
; two metal system is employed (see detail in

‘ ,Figure 4). The bottom metal is Chromium which
is deposited b y  sputkring  and p a t t e r n e d ::. /
,liLhographically. It is covered with an L1’()
“deposition. The LTO is pattcmcd to open vias to

@

m

the first metal and clear the tip. TiWiAu is (hen
. deposited and patterned, The tip is coated with

I IJ y~ &ll&jj:>4t; l>J P . kit,
.

:.

. .
. . . .-. . ,-

, TiW/Au  during  this operation. Pinally,  the
., ,-w[ectic  bonding  material is deposited. Wc have <:.7~,

: exnerirnentcd  with In/Au. In/Cu. Au/Ge and
-,

. .
:1 ,

: AVGC rdloys. Au/Ge is preferred. Figuro 4. Top view and sections of tho tlp dlo.
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: Figure 5. Top view and swtion of force piate die.

. .

The f(mce plate is c rcated  by essentially the same
process as the tip wafer. Its cross-section $
sbowrl  in figure 5. Here, the L’f’O layer is only
S00 nln thick. This layer is used to prevent the
proof mass from shorting to the force plate.
Again, a two metal process is used, where tlk
second TiWJAu deposition patterns the bond
regions and the wire bond pads. A eutectic alloY
is deposited and patterned to complctc  this die.

- ,,

The dice arc assc~nblccf  individually using eutecti&
alloy bonding. This bonding is the subject of
another papa in this confercnccG.  After assmb~,  “
die arc. mounted  in the package shown in figure 6
using conductive epoxy. The gold wke is epoxy

;..;
,-

?.
.

.:-.,
4. MEASUREMHNJ’S

bonded to the bone{ pads and package leads.
packaj’,c  is mounted in a special I y design
inser[i on force holder which is mounted on
board.

The :
zero

a@

;~ln this work, we show thnt electrostatic clamping is an effective tool for pt okx.ling the accelerometer during
lift-off. This was done using the following test procedure. A test station (FIRUW 7) was assembled which

, consists Qf.B, mount-fey ~.e .circuit..b-~md_sho-wn-in-Figl.!&..6.  .qnd ,a rnicromtcr  With .a nmr.oM@u?. spindle.  .?3



~device,  consisting of a force plate and a proof mass is assemble[i and packaged and clamped electrostatically:

~ hook is glued to the center of the proof mass usiDg epoxy. A weight with an axial eye-screw is set on the
, .$pindle  such that the eye is placed over the hmk but not supported by the hc)ok.

~~n HP 4277A capacitance bridge is used to monitor the capacitance between the proof mass and the force
plate. It contains a built-in DC bias supply which is used to apply an electrostatic field between the proof
‘mass and force plate during the test. The bias is initially adjusted to a high vcdtagc.  The spindle is lowered

,.

,.

!- .
. .

Circuit  Board/ DUT

Figure 7. The test fixture used

. Weight

,Mlcrometer
i

;:-
.“-

!” strength of tho electrostatic force..,,

Fe == ~or-
A.V2

2.dox2 ‘

. . :Whcre

to measure the

until the ~ roof mass is supporting the entire weight,
The bias voltage is then lowered until the electrostatic
force can no longer  suppor t  the weight and thti
capacitance dc.crcascs  a~ the. weight falls.

By valyin{. the weight wc can dctcrminc  the ability of
t@ systeni to withstand specific acceleration lev+ .
Bc.c.ause  the proof mass weighs 0.2 grams, an effective
increase of 1 g in accelcJation  is simulated for each 0.2
grams of weight addecl.  It is a simple matter CO obtain a
200 g simulated acccknation  by adding 40 grams of
weight, IJigure  8 shows the holding voltage as a
function of tic acceleration. .  .  .-:

,:

The elearostatic  force. is given by

,’

;.

,,, ~, is the diclectic  constant (4x8.85 x10]4 NewtonsNoltz), . .
. .

., A is the area (1 cm2),
V is the appliti  voltage,

1 and dfi, is the thickness of the LTO (0.5 ~m).

~1’his  relationship is also plotted in Figure 8. As can be
seen, the correlation bctwccn  the two is not good, and
tie voltage to hold the proof mass is greater than
Sxpected. To account for this variance, we assume
‘ihal the cnlkc 1 cm2 surface of the proof mass is not in
contact with the force plate, Therefore, the gap really
consists of 500 run of silicon dioxide and some
~rcentage  01 air. A gap between the proof mass and
~tie force plate can occur in a number of ways.
Particulate in the LTO layer may ho~d the proof mass
~away. Ahernativcly,  if the proof mass is not ftat, then
it will not be completely in contact with the force

:- . . . . . . . . . . . . .
-. . . . . . . . . .., ”...,’

Figure 6. Photo of an assembled accelerometer
mounted In Its PC!CIOXIC and to a circuit board. ‘
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~late. In eitier case, the nature of the gap can not be known exactly, but in both cases the result of the gap is,., ,:
;-tic addition of a series capacitance. Therefore, we assume a capacitance that is based  on parallel plates and,.

.“,, has a uniform gap spacing. The relationship given above can then be rewritten as
.,.,., ,,, . . .

) Im.-’. ,
:1. .
4;;~.A 1000

/
/,,

c 100

,. ~ /

/,1
. .,

<. c 10 /,?. ..- .‘.
‘j’ ‘ /

/. . . .
0.1 Z;.

‘, y 0.01. , .:-.
. .. -.’ 0.CN31 , / ’,.. .
.-.,- o,ooolL-—-.? —-r-———— ..1

0.01 0.1 1 10 100
Applied Voltage.,. . . .

:.Figure 8. Experimental and theoretical
.,-.
. . .

: data showing the maximum achievable
.‘’ acceleration against which the force

~.+, ‘~j.rlate can hold as a function of the,;
. ,... ~.~oltage diHerencc between the force-.,
. .“,”. ~,plate and proof mass.

,.

where
e~x i s  t h e  dielecuic  co] Lstant  (4x8.85x  10]4 Newtons) ~ “ ,
Volt2),  and
doi, is a weip,hted  average thickness of the air gap. ,- ~.

This is plotted in Figure  8 as well. By adjusting the thidmcss of the:
air ~ap, we can achieve a reassonablc fit to the experimental data; ’..
These results indicate that there is a thjn layer of air or vacuum- .
separating the proof maw and force plate whose probable  origin i; :
either particulate in the 1.TO Iaycr or low spatial frequency variations . . .
in the flatness of the wafers.

,, . .,..,,.
. ’  . ” .

b Figure 9. the holding voltage required to withstand accelerations ~. ~ .
-

hjgh as 1 g is plotted against the weight average thickness of the + ~;
“~, &ap. The minimum value of about 0.2 volts represcnt$  the case of perfectly fla[ dice in contact with each ..’::.. .,, ..: . ,, ~othcr, increasing the effective gap increases the required voltage.j,,. ,

.- ,..’.  -,..  . . . “
,-, ,.. . ....: . . :

. . . .;’. ..
-.,  ,.:

.. ... .”.  ; , . 5. CONCLUSIONS
-..,. . ’ .  .

,-’ ~Acceleronwters  have been fabricated for
..

. . ,,. .
-. ::.!. vltasenitive acceleration measurements. To.-.
-. ‘, .’achieve high sensitivity, weak springs and a.
,’; -@me)irrg  tip have bra employed..,- . . These

- Xlructi.lres must he protected when the.;,.. .,. .~cce]erometer is not in use. We have employed
. .: electrostatic clamping the holcl  the proof mass in

. . . ~~ ~lace during transit. Measurements of to holding
‘~:, :-@wer  of the electrostatic force indicate that with,,
.: .’’...

~asonable  voltages we can expect to protect the. .’’:..;..
‘ \ “$ccclcromctcr  from over-range acceleration as high.’ .,

:“, ~, ;“~s 200 g. However, Lhe requirwl voltage is grealcr
“tin anticipated. This has bum associated with a-. ”,---.’

:.- ..,.- . .
--gap betwez,n  the proof mass and the force plate

. . . . . . .., fisulting  from particulate in the LT’O  layer or warp
,:, ,, .:,,

: ~- .i .~n the wafer .
‘...:.. ... —..- .— ------ . . . . . . .. -—- —...—.—.— .. —— -—- - . ..—

Holdinrr  Vollagentl g vs Air Gap
12

H I

.,, ,:.
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i

;: .,,’..
? T 4 s; ’..

Alr C4ap (urn) . . .,. .’”
. . .  . ’ .

Figure 9. Assurnirxg an air gap, the voltage required to: “.’ .:,’
protect the proof mass against 1 g accelerations. . . ,’, ,,. . . ..- .,.,,., .
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